Abstract
Introduction (b) Hybrid poplar (HP) (c) Switchgrass (SG) (d) Miscanthus (MIS) (a) Corn stover (CS)
, and passed through a 2-inch screen. Then, the 2-inch screened mate- Table 1 : Biomass pelleting parameters and results, where: MC is the moisture content, ρ is the density, L is the pellet die length, L/D is the pellet length-to-diameter ratio (D = 0.25 in), and E C is the electrical energy consumption during pelleting. The "±" indicates a single standard deviation from (at minimum) triplicate measurements.
Pellet Ground Pellet (in) (-) (kWh/ton) CS 11.63 ± 0.05 6.66 ±0.03 112 ± 3 695 ± 3 3.00 12 88 HP 13.52 ± 0.03 8.58 ± 0.02 117 ± 2 650 ± 17 2.25 9 107 SG 12.62 ± 0.03 7.17 ± 0.03 128 ± 2 610 ± 4 2.50 10 146 MIS 13.21 ± 0.04 9.22 ± 0.03 144 ± 3 658 ± 25 3.00 12 293 CS+SG 10.71 ± 0.06 7.14 ± 0.02 115 ± 16 670 ± 10 2.25 9 79 CS+SG+HP 11.13 ± 0.09 8.47 ± 0.02 128 ± 2 642 ± 14 2. 25 9 100 CS+SG+MIS 10.16 ± 0.03 8.62 ± 0.02 133 ± 1 627 ± 4 2. 25 9 78
1/4-inch screen. Two, 5-gallon buckets of ground material were sent to the 159 National Renewable Energy Laboratory (Golden, CO) for further studies.
160
The two-stage grinding process discussed here was employed solely for gen-
161
erating material for pelleting and is not a typical milling method used for 162 the conversion of "loose" biomass to fuels.
163
The ground "pure" feedstock species were blended into one binary and be designed to target a specific composition (e.g., to adjust glucan, xylan,
168
and lignin fractions), and to enhance digestibility and limit ash content. 
190
The sieve sizing data were corroborated and expanded upon using optical 191 microscopy (Leica DM 3000, Clemex Technologies Inc., Longueuil, Quebec,
192
Canada; data analysis via Clemex Vision PE software, version 6) at NREL.
193
The optical micrographs not only allowed for sizing of the feedstock materials,
194
but also particle dimensional analysis, namely aspect ratio. Non-flowing Very Cohesive Cohesive Easy Flowing Free Flowing ff c < 1 1 < ff c < 2 2 < ff c < 4 4 < ff c < 10 ff c > 10
To characterize the flowability of a material, Jenike [32] proposed to use 252 the ratio of the major principal stress to the unconfined yield strength, called difference between the sieved average particle sizes and size distributions for 281 the pure and blended feedstocks was not observed.
282
However, the breadth of the particle size distributions appear to be dif- ternatively, HP has a particle size distribution biased towards large particles,
299
with a substantial amount of coarse particles and a low amount of fines.
300 Table 3 : Volume-based average particle dimensions via optical microscopy (n = the number of particles sized). The "±" values are a single standard deviation, while the values in the parentheses indicate a maximum measured aspect ratio. be moderately compressible compared to the pure feedstock species.
312
The volume-based average particle length for the four pure feedstock 313 species ranged from ∼1000 to 1500 µm (Table 3) , with CS displaying the 314 smallest average length. HP and MIS had the largest average particle lengths 315 at ∼1500 µm. CS also had the smallest average particle width at 436 µm,
316
while HP had the largest average particle width at 719 µm. However, the 317 large variance in the length and width values keep them from being statis-
318
tically unique between the different feedstocks. Additionally, the particle 319 length values agree with the average particle size values from the sieving 320 data. Therefore, the two separate sizing techniques corroborate one another.
321
The optical microscopy results also allow for the measurement of parti-
322
cle aspect ratio (defined as the length to width ratio). The average aspect 323 ratio is between 2 to 3 for all four of the feedstocks, with a maximum value 324 of 10-13 (parentheses in Table 3 ). Thus, both sizing techniques (sieving milled biomass. As a result, the ground species should experience less inter-329 particle entanglements and be more flowable than coarsely milled materials.
330
Although microscopy allowed for examination of particle shape, the sieving 331 analysis allowed for more effective analysis of the particle size distributions 332 (i.e., fine versus coarse particles). (compressing 32% at 21 kPa), while SG and MIS were the least compressible
343
(compressing 28 and 27%, respectively, at 21 kPa). Interestingly, the more 344 compressible materials (CS and HP) are also the materials that required less 345 energy during the pelleting process (Table 1) . Conversely, the least compress- Therefore, there is a direct relationship between compressibility and pelleti-348 zation energy.
349
The additional compressibility of corn stover and hybrid poplar is most 350 likely due to both differences in material structure and size distribution.
351
Corn stover is a heterogeneous material with a low fiber content and the 352 vascular tissues that makeup its stalk are more spongy [6] . Therefore, it 353 is expected to be more compressible than the other materials studied here.
354
Miscanthus and switchgrass are more fibrous and rigid, while hybrid poplar more compressible [6, 35] .
368
The three blended feedstocks, on the other hand, had nearly identical clockwise in Figure 7 , the values of the flowability index (given in Table 2) 395 decrease from the free flowing region to the non-flowing regime.
396
The flow functions for all four pure feedstocks yielded linear increases Table 4 : Shear testing results for the "pure" feedstocks at pre-shear normal stress (N C ) values of 3, 6, 9, and 15 kPa (unconfined yield stress (f c ), major and minor principal stresses (σ 1 and σ 2 , respectively), cohesion (τ 0 ), static and effective angles of interparticle friction (φ i and φ e , respectively), and flowability index (ff c )). (Table 4) .
431
Fasina et al. [35] used an automated ring shear tester to study the flow 
Blended Feedstocks

448
The four pure feedstocks were combined to create three feedstock blends: directly between the measured yield loci of the pure feedstocks in Figure 6 ; 457 indicating that flow properties can be tuned via feedstock blending.
458
All of the flow parameters for the three feedstock blends are quite similar 459 across the tested pre-shear normal stress values (Table 5 ). The average flowa-460 Table 5 : Shear testing results for the blended feedstocks at pre-shear normal stress (N C ) values of 3, 6, 9, and 15 kPa (unconfined yield stress (f c ), major and minor principal stresses (σ 1 and σ 2 , respectively), cohesion (τ 0 ), static and effective angles of interparticle friction (φ i and φ e , respectively), and flowability index (ff c )). significant time and money when investigating prospective feedstock blends. wall creates resistance to material flow through the die. Thus, the pellet-517 ing process can be broken down into two simple steps. First, ground (or
518
"loose") biomass is compressed into a densified plug. Secondly, the densified 519 biomass plug is forced through a pellet die to form cylindrical pellets with 520 fixed dimensions. There will be an energy cost associated with compressing 521 the material, as well as an energy requirement for extrusion through the die.
522
Commonly, pelleting dies are tapered and the compression and extrusion 523 steps occur simultaneously. However, for simplification, they are treated as 524 separate stages in this study.
525
The flow of densified biomass through a pelleting die is analogous to coordinates can be reduced to:
where τ rz is the shear stress acting in the r-direction as a result of material an expression for τ rz can be obtained independently from P :
The boundary conditions for τ rz are: 2) when r = R, τ rz = µ w P w .
538
µ w is the coefficient of friction between the die wall and the biomass plug
539
(i.e., the coefficient of wall friction; Figure 11 ) and P w is the resultant stress 540 acting on the die wall due to the axial force driving biomass through the die.
541
After applying the boundary conditions, A 1 was found to be:
With a fully-defined A 1 , Equation 1 now becomes:
However, P w is a function of P and thus, Equation 4 cannot be integrated in 544 its current form. Fortunately, P w is simply defined as:
where κ is the radial-to-axial stress proportionality constant (commonly de-546 noted as λ); which is simply the ratio of the minor and major principal stress 547 values (Table 6 ).
548
The boundary condition for P is: when z = 0, P = P C ; where P C is 549 the pressure required to compress the "loose" biomass to the desired pellet to the degree of compression required to pellet each material (C P ; Table 6 ): and integrated to obtain:
The overall pelleting pressure (P P ) required to compress "loose" biomass 557 into a densified plug and then force it through a pelleting die of length L and 558 diameter D is:
Using Equation 8 and the compressibility, shear cell, and wall friction data,
560
the pressure required to pellet (P P ) the pure and blended feedstocks could 561 be obtained. for pelleting, corn stover, hybrid poplar, and the three blendstocks, also had 576 relatively low calculated pelleting pressures (50-270 MPa).
577
The total pelleting pressure (P P ), as well as the compression pressure 578 (P C ) are listed for the four pure feedstocks and the three blends in Table   579 6. Roughly 40 to 15% of the pelleting pressure was used to compress the 580 materials and the remaining 60 to 85% was used to overcome friction in the 581 pelleting die. At first glance, the extrusion pressure (the difference between 582 P P and P C ) seems disproportionately large. to 15 MPa, the ratio of the extrusion to compression energy increased; which 592 they attributed to the increase in normal pressure between the die and the briquette. Therefore, it is reasonable to assume that during pelleting, which 594 occurs at higher pressures than briquetting (>30 MPa), the extrusion energy 595 could account for 60 to 80% of the total energy requirements.
596
The development and validation of the pelleting pressure model (Equation 597 8) allows for materials to be "pre-screened" prior to pelleting. A feedstock's 598 material properties (specifically compressibility, shear, and wall friction) can 599 be measured and its pelleting feasibility can be assessed without actually 
Conclusions
603
The flow properties (compressibility, shear, and wall friction) of "pure" Effective angle of internal friction (°) r Radial coordinate (-) R Pellet die radius (in) ρ P Pellet bulk density (g/mL) ρ G Ground (or "loose") bulk density (g/mL) σ 1 Major principal stress (kPa) σ 2
Minor principal stress (kPa) 
